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Soybean rust has been reported in Australia, China, India, Japan, Taiwan, and Thailand in the Eastern Hemisphere and in Brazil, Colombia, Costa Rica, and Puerto Rico in the Western Hemisphere (1, 2) . Soybean rust can be a devastating disease, with yield loses of up to 70 to 80% reported in some fields in Taiwan (7, 9) . Plants that are heavily infected have fewer pods and smaller seeds that are of poor quality (9) . Although soybean rust was found in Hawaii in 1994 (23) , it has not yet been observed in the continental United States.
Two species of fungi, Phakopsora pachyrhizi Sydow and P. meibomiae (Arthur) Arthur, cause soybean rust (18) . P. pachyrhizi occurs throughout Australasia as well as the islands of Japan, the Philippines, and Taiwan (18) . The soybean rust pathogen recently reported in Hawaii (23) and Zimbabwe (C. Levy, personal communication) has been tentatively identified as P. pachyrhizi. P. meibomiae is found in South and Central America and the Caribbean (18) .
Unlike other rusts, P. pachyrhizi and P. meibomiae infect an unusually broad range of plant species. P. pachyrhizi naturally infects 31 species in 17 genera of legumes, and 60 species in 26 other genera have been infected under controlled conditions (23) . P. meibomiae naturally infects 42 species in 19 genera of legumes, and 18 additional species in 12 other genera have been artificially infected (23) . Twenty-four plant species in 19 genera are hosts for both species (23) .
The recent findings of soybean rust in Hawaii and Zimbabwe, and the reemergence of the disease in India, has prompted fear that the pathogens are spreading to new geographic regions. If P. pachyrhizi were to gain entry into the continental United States and become established, serious losses would likely occur (26) . It has been estimated that yield loses could exceed 10% in most of the United States and up to 50% in the Mississippi Delta and southeastern states (23, 26) . Currently, there is no resistance to soybean rust in any of the U.S. commercial soybean cultivars. Some fungicides are effective against P. pachyrhizi by slowing the spread of the pathogen enough so that normal seed set and pod fill can occur (21) . However, widespread fungicide applications on soybean fields in the United States are not deemed cost effective. As a result, this control option would be useful only for eradication on small acreages. Therefore, it is critical that rapid diagnostic methods be made available for detecting soybean rust at an early stage of infection to increase the chances of eradication.
Field identification of soybean rust often is difficult because symptoms may be confused with bacterial pustule caused by Xanthomonas axonopodis pv. glycines, especially during the early stages of disease development (15, 23, 24) . Even with a hand lens, the lesions of the two diseases on the upper leaf surface look very similar. Likewise, the raised dried blisters of the bacterial pustule lesions on the underside of the leaf appear similar to the uredinial cones of soybean rust (23) . Therefore, a molecular-based diagnostic assay that is specific to the soybean rust pathogens, like polymerase chain reaction (PCR), would be extremely helpful in making an accurate and timely identification.
In this study, we report the development of both classical and real-time PCR assays for the rapid detection and discrimination of the soybean rust pathogens P. pachyrhizi and P. meibomiae. Preliminary results of this research have been reported previously (13) .
MATERIALS AND METHODS
Microorganisms and growth conditions. The origin and source of P. pachyrhizi, P. meibomiae, and X. axonopodis pv. gly-cines isolates used in this study are shown in Table 1 . The isolates are maintained at the USDA-ARS Foreign Disease-Weed Science Research Unit Plant Pathogen Containment Facility at Fort Detrick, MD (17) under Animal and Plant Health Inspection Service permit. P. pachyrhizi and P. meibomiae isolates were propagated by spray inoculation onto soybean cv. Williams and red kidney bean, respectively. Red kidney plants were used to propagate P. meibomiae isolates because they yield significantly more urediniospores than do soybean plants. Urediniospores were suspended in sterile distilled H 2 O containing 0.01% Tween 20 (vol/vol) at a concentration of 2,500 spores per ml, and 2.5 ml of inoculum was sprayed per plant onto either soybean or red kidney leaves with an atomizer attached to an air compressor. The plants were incubated overnight (14 to 18 h) in dew chambers at 20°C and transferred to greenhouses where the temperature ranged from 18 to 30°C. Plants inoculated with different P. pachyrhizi and P. meibomiae isolates were propagated in separate greenhouses to minimize the chance for cross-contamination. Urediniospores were harvested from infected leaves 10 to 14 days following inoculation and at subsequent weekly intervals with a mechanical spore harvester (11) . Urediniospores were maintained in liquid nitrogen, and frozen spores were heat shocked at 40°C for 5 min and hydrated for 12 to 16 h prior to inoculation. X. axonopodis pv. glycines isolates were grown at 25°C on yeast extract-dextrose-CaC0 3 medium (20) .
DNA extraction and recombinant DNA techniques. For crude DNA preparations of P. pachyrhizi and P. meibomiae isolates, approximately 5 to 10 mg of urediniospores of each isolate was placed onto the surface of sterile distilled H 2 O in petri plates (50 × 9 mm), and the spores were allowed to germinate at room temperature (20 to 22°C) overnight. Mycelia was collected by filtration onto Whatman No. 1 filter paper, and the tissue was ground in 100 ml of extraction buffer (89 mM Tris-HCl, pH 8.0, 45 mM boric acid, 0.05 mM EDTA, and 1.0% (vol/vol) β-mercaptoethanol) in microcentrifuge tubes by a plastic pestle attached to a power drill. Samples were incubated at 75°C for 15 min and centrifuged at 16,000 × g for 10 min to pellet debris. The supernatants were transferred to new tubes and stored at -20°C as DNA extracts. DNA from the Zimbabwe isolates, MUT and TM, was extracted as described previously from intact urediniospores without germination on sterile distilled H 2 O.
Large-scale DNA isolations were conducted with approximately 1.0 g of urediniospores from either P. pachyrhizi isolate TW72-1 or P. meibomiae isolate PR. Spores were germinated on sterile distilled H 2 O, and the mycelia were collected as described previously and frozen in liquid nitrogen. The frozen samples were ground by acid-washed glass beads in a mortar and pestle. Sixteen milliliters of grinding buffer (200 mM Tris-HCl, pH 8.0, 250 mM NaCl, 25 mM EDTA, and 0.5% [wt/vol] sodium dodecyl sulfate) was added, and samples were incubated on ice for 5 min. An equal volume of Tris-saturated phenol was added to each sample and mixed by inverting. Sixteen milliliters of chloroform/isoamyl alcohol (24:1, vol/vol) was added, and the samples were mixed as above. Samples were centrifuged at 10,000 × g (Sorvall SS-34; DuPont Instruments, Newtown, CT) for 10 min at 4°C. The aqueous phase was transferred to a new tube, and 1/10 volume of 3 M KOAc (pH 5.5) was added with 0.6 volumes of isopropanol. Samples were mixed by inverting and incubated at -20°C for at least 30 min. The samples were centrifuged at 12,000 × g for 20 min as described previously, the supernatant was decanted, and the pellets were allowed to air dry. DNA pellets were resuspended and brought to 2.8 ml with Tris-EDTA buffer. DNA was extracted from healthy and infected plant material approximately 10 to 14 days after inoculation with a plant DNA extraction kit (Nucleon Phytopure; Amersham Pharmacia Biotech, Piscataway, NJ) according to the manufacturer's directions. DNA was extracted from approximately 0.1 g of tissue per sample by pooling six leaf disks that were excised from plants with a number 5 cork borer (8-mm diameter).
The internal transcribed spacer (ITS) regions were cloned from P. pachyrhizi and P. meibomiae isolates by PCR using the primers ITS4 and ITS5 (25) . The ITS regions were cloned into the TA cloning vector pCR2.1 (Invitrogen Corp., Carlsbad, CA) and transformed into competent E. coli INVαF' cells according to the manufacturer's directions. Two clones from two independent PCR amplifications were sequenced for each Phakopsora isolate.
DNA sequencing and analysis. Plasmid DNA was extracted with a plasmid mini-prep kit (Wizard; Promega) according to the manufacturer's directions. The concentration of DNA was determined by UV spectrometry at 260 nm by a SmartSpec 3000 (Bio-Rad), and the DNA was labeled with a sequencing kit (ABI Prism BigDye Terminator Cycle Sequencing Ready Reaction; Applied Biosystems, Inc., Foster City, CA). The nucleotide sequence was determined by capillary electrophoresis with a genetic analyzer (ABI Prism 310; Applied Biosystems). Nucleotide sequences were aligned using the Bestfit and Pileup programs of the Genetics Computer Group computer software package (version 9.0, Genetics Computer Group, Madison, WI) (12) at the Advanced Biomedical Computing Center of the National Cancer Institute, Frederick, MD.
Fig. 1.
Nucleotide sequence alignment of the internal transcribed spacer 1 region from Phakopsora pachyrhizi and P. meibomiae isolates (BZ82-1 and PR, respectively). Nucleotide differences that occur among either the P. meibomiae or P. pachyrhizi isolates are highlighted with open boxes, and differences between P. meibomiae and P. pachyrhizi isolates are denoted with an asterisk.
Fig. 2.
Nucleotide sequence alignment of the internal transcribed spacer 2 region from Phakopsora pachyrhizi and P. meibomiae isolates (BZ82-1 and PR, respectively). Nucleotide differences that occur among either the P. meibomiae or P. pachyrhizi isolates are highlighted with open boxes, and differences between P. meibomiae and P. pachyrhizi isolates are denoted with an asterisk.
PCR assay and Southern blot analysis. Oligonucleotide primers specific to P. pachyrhizi, P. meibomiae, or to both species were synthesized (Life Technologies/Gibco BRL, Gaithersburg, MD) to unique sequences within the ITS regions (Table 2) . Classical PCR reactions were conducted in a thermocycler (Gene AMP PCR System 9700; Applied Biosystems) with 5 to 25 ng of genomic DNA. PCR assays were performed in a total volume of 25 µl containing 10 mM Tris-HCl; 50 mM KCl (pH 8.3); 1.5 mM MgCl 2 ; 0.001% (wt/vol) gelatin; dATP, dGTP, dCTP, and dTTP, each at a concentration of 100 µM; each primer at a concentration of 1.0 µM; and 0.5 units of AmpliTaq DNA polymerase (Applied Biosystems). The PCR assays were performed with the following cycling conditions: 94°C denaturation for 1 min, 25 cycles of 94°C for 15 s, 65°C for 15 s, and 72°C for 15 s, followed by an extension of 72°C for 6 min.
Negative controls were tested by the same reaction mixture and amplification conditions described previously without template DNA. PCR products were analyzed by electrophoresis on 4.0% agarose (3:1 High Resolution Blend; Amresco, Solon, OH) gels in 0.5× Tris-borate-EDTA buffer stained with ethidium bromide (3). Southern blots, labeling of DNA probes, and hybridization and chemiluminescent detection were as described previously (14) .
The ITS region from P. pachyrhizi TW72-1 and P. meibomiae PR were used as hybridization probes.
TaqMan 5′ nuclease PCR assay. The 5′ nuclease assays were performed with a sequence detection system (ABI Prism 7700; Applied Biosystems) in a total of 25 µl as described (14) . The cycling conditions were as follows: 50°C for 2 min, 95°C for 10 min, and 35 cycles of 95°C for 15 s and 60°C for 1 min. The Ppm1/Ppa2 and Ppm1/Pme2 primer combinations were used at final concentration of 300 nM with both FAM-probe and VICprobe, whereas the Ppm1/Ppm2 primer set was used at a final concentration of 900 nM with the VIC-probe. The TaqMan probes, FAM-probe and VIC-probe (Table 2) , were labeled at the 5′ end with the fluorescent reporter dyes 6-carboxy-fluorescin (FAM) and VIC, respectively, and both were labeled at the 3′ end with the quencher dye, 6-carboxy-tetramethyl-rhodamine (TAMRA) (Applied Biosystems). The probes were used at 400 nM in both the P. pachyrhizi-and P. meibomiae-specific assays. The dilution series of genomic DNA from P. pachyrhizi isolate TW72-1 and P. meibomiae isolate PR were made in sterile distilled H 2 O. Two independent replications were analyzed with duplicate DNA samples for each isolate per assay.
Data acquisition and analysis were done with the TaqMan data worksheet and software according to the manufacturer's instructions (Applied Biosystems). The ∆RQ is defined as an increase in the emission intensity ratio of the reporter dye after release from the quencher dye on the fluorescent probe (RQ Nucleotide sequence accession numbers. The nucleotide sequence of the ITS1-5.8S-ITS2 regions from the P. pachyrhizi and P. meibomiae isolates from this study have been deposited as GenBank Accession Nos. AF333488 to AF333502.
RESULTS
Sequence comparison of the P. pachyrhizi and P. meibomiae ITS regions. A nucleotide sequence comparison of the ITS1 (Fig.  1) and ITS2 (Fig. 2 ) regions of the P. pachyrhizi and P. meibomiae isolates is shown. The ITS1 region ranged in size from 196 to 199 nucleotides for the P. pachyrhizi isolates and 218 nucleotides for the P. meibomiae isolates. Among the P. pachyrhizi isolates, variation or gaps were observed at four nucleotide positions ( Fig. 1) , with greater than 98.0% sequence identity among the isolates. No variation was observed between the two P. meibomiae isolates. A comparison between the P. pachyrhizi and P. meibomiae ITS1 regions revealed 49 nucleotide differences or gaps (Fig. 1) , representing 77.5% sequence identity between these two Phakopsora spp. The ITS2 region ranged in size from 199 to 206 nucleotides for the P. pachyrhizi isolates and 203 and 205 nucleotides for the two P. meibomiae isolates, BZ82-1 and PR, respectively. Ten nucleotide differences or gaps were found between the P. pachyrhizi isolates (greater than 95.0% identity), whereas two additional nucleotides were found in the P. meibomiae PR isolate relative to the BZ82-1 isolate (greater than 99.0% identity). A comparison of the P. pachyrhizi and P. meibomiae ITS2 regions revealed 64 nucleotide differences or gaps (Fig. 2) or approximately 68.5% sequence identity between the species.
An alignment of the ITS1 and ITS2 nucleotide sequences of the rust isolates from Hawaii (HW95 and HW98) and Zimbabwe (MUT and TM) with P. pachyrhizi and P. meibomiae indicated that these isolates are P. pachyrhizi.
Selection of species-specific primers and the development of PCR assays. Because the nucleotide sequence comparisons of the ITS1 and ITS2 regions revealed significant divergence between the P. pachyrhizi and P. meibomiae isolates, sequence sites were selected for PCR primer design that utilize these differences. PCR primers Ppa1, Ppa2, Ppa3, and Ppa4 (for P. pachyrhizi) are designed specifically to P. pachyrhizi sequences, whereas the primers Pme1 and Pme2 (for P. meibomiae) are directed at P. meibomiae sequences ( Fig. 3 ; Table 2 ). The primers Ppm1 and Ppm2 (for P. pachyrhizi and meibomiae) are aimed at the 5.8S rDNA region that is conserved between P. pachyrhizi and P. meibomiae ( Fig. 3 ; Table 2 ). Four pairs of PCR primers were selected for specificity to P. pachyrhizi. The primer sets, Ppa1/Ppa2, Ppa3/Ppa4, Ppm1/Ppa2, and Ppm1/Ppa4 amplified PCR products of 332, 347, 141, and 136 bp, respectively, from P. pachyrhizi isolate TW72-1 but yielded no product from P. meibomiae isolate PR (Fig. 4A, B , D, and E). Two sets of PCR primers were designed specifically for P. meibomiae, Pme1/Pme2 and Ppm1/Pme2, that amplified PCR products of 338 and 139 bp, respectively, from P. meibomiae isolate PR but not from P. pachyrhizi isolate TW72-1 ( Fig. 4C  and F) . The primer set Ppm1/Ppm2 amplified a 79-bp PCR product from both P. pachyrhizi isolate TW72-1 and P. meibomiae isolate PR (Fig. 4G) .
To determine the sensitivity limits of the P. pachyrhizi-and P. meibomiae-specific assays, dilutions of purified total DNA from P. pachyrhizi isolate TW72-1 and P. meibomiae isolate PR were tested with the PCR primer sets Ppm1/Ppa2, Ppm1/Ppa4, Ppm1/Pme2, and Ppm1/Ppm2 (Fig. 5 ). In the P. pachyrhizi-specific assays employing either primer set Ppm1/Ppa2 or Ppm1/Ppa4, a PCR product was detected on agarose gels and by Southern blots using as little as 0.1 ng and 10 pg of TW72-1 template DNA, respectively ( Fig. 5A and B) . The limit of detection was 10 ng of PR template DNA by agarose gel and by Southern blot for the P.
meibomiae-specific assay with the PCR primer set Ppm1/Pme2 (Fig. 5D) . The PCR primer combination Ppm1/Ppm2, which amplifies a DNA product from both P. pachyrhizi and P. meibomiae, yielded a PCR product on an agarose gel and by a Southern blot using 0.1 ng and 0.1 pg of TW72-1 DNA, respectively (Fig. 5C ). However, with this primer pair combination, the sensitivity of detection of a PCR product on both an agarose gel and a Southern blot was reduced to 1 ng of template DNA from P. meibomiae isolate PR (Fig. 5E) .
To determine the specificity of the P. pachyrhizi and P. meibomiae PCR primers, crude total DNA extracts from germinating urediniospores of P. pachyrhizi and P. meibomiae isolates from different geographic regions (Table 1) were tested with the PCR primers. The PCR primers Ppm1/Ppa2 and Ppm1/Ppa4 amplified a PCR product using DNA extracted from all 11 P. pachyrhizi isolates, but no PCR product was detected from either of the P. meibomiae isolates (Fig. 6A and B) . The Ppm1/Pme2 primer set amplified a single PCR product only from DNA extracted from the two P. meibomiae isolates, and no PCR product was detected from the P. pachyrhizi isolates (Fig. 6C) . The primer set Ppm1/Ppm2 amplified a PCR product of 79 bp from each of the P. pachyrhizi and P. meibomiae isolates tested (Fig. 6D) . Southern blots confirmed the identity of the PCR products for each of the PCR assays by hybridization.
In order to verify the specificity of the P. pachyrhizi and P. meibomiae PCR primers, DNA extracted from four X. axonopodis pv. glycines isolates was tested using the Ppm1/Ppa2, Ppm1/Pme2, and Ppm1/Ppm2 primer sets. No detectable DNA product was found using DNA from the X. axonopodis pv. glycines isolates (data not shown). In control PCR reactions using primers 27F (5′- Fig. 4 . Agarose gels and Southern blots of classical polymerase chain reaction (PCR) assays. Phakopsora pachyrhizi-specific assays include the primer sets A, A, Ppa1/Ppa2; B, Ppa3/Ppa4; D, Ppm1/Ppa2; and E, Ppm1/Ppa4. P. meibomiae-specific assays include the primer sets C, Pme1/Pme2 and F, Ppm1/Pme2. G, The primer combination Ppm1/Ppm2 amplifies a PCR product from both P. pachyrhizi and P. meibomiae. 1 = molecular weight markers (100-bp ladder); 2 = P. pachyrhizi isolate TW72-1; 3 = P. meibomiae isolate PR; and 4 = no DNA template control. PCR products are indicated by arrows. Hybridization probes used were the internal transcribed spacer regions from A, B, D, E, and G, TW72-1 and C and F, BZ82-1. AGAGTTTGATCATGGCTCAG-3′) and 383R (5′-CATGGCTG-GATCAGGCTT-3′) that are specific to conserved regions of the 16S rRNA gene of bacteria (10), a 391-bp DNA band was amplified using the DNA extracted from the X. axonopodis pv. glycines isolates (data not shown).
TaqMan 5′ nuclease assay. Real-time PCR assays were developed for the TaqMan system by an internal fluorogenic probe with either the P. pachyrhizi-specific primer set Ppm1/Ppa2 or the P. meibomiae-specific primer set Ppm1/Pme2. Two different probe sequences common to both species were selected, and one was labeled with 6′-FAM and the other with VIC. The amplicons were 136 and 139 bp for the P. pachyrhizi-and P. meibomiaespecific assays, respectively (Fig. 3) . The primer set Ppm1/Ppm2 yields a 79-bp amplicon using template DNA of either P. pachyrhizi or P. meibomiae. The ∆RQ values were measured following each amplification cycle, and amplification plots of P. pachyrhizi isolate TW72-1 and P. meibomiae isolate BZ82-1 are shown for each assay (Fig. 7) . In the P. pachyrhizi-specific TaqMan assay, the results were similar regardless of the probe used (Fig. 7A) . The TW72-1 sample had Ct values of 18.51 (FAM-probe) and Fig. 5 . Sensitivity of classical polymerase chain reaction (PCR) assays as detected by agarose gels and Southern blots. Phakopsora pachyrhizi-specific assays include the primer sets A, Ppm1/Ppa2 and B, Ppm1/Ppa4. D, P. meibomiae-specific assay is shown with the primer set Ppm1/Pme2. The primer combination Ppm1/Ppm2 amplifies a PCR product from both C and E, P. pachyrhizi and P. meibomiae. DNA dilutions of A, B, and C, P. pachyrhizi isolate TW72-1 and D and E, P. meibomiae PR were used at the following concentrations: 10 ng (2), 1 ng (3), 0.1 ng (4), 10 pg (5), 1 pg (6), and 0.1 pg (7). 1 = molecular weight markers (100-bp ladder) and 8 = no DNA template control. Hybridization probes used were the internal transcribed spacer regions from A, B, and C, TW72-1 and D and E, BZ82-1. 19.36 (VIC-probe), whereas the BZ82-1 sample had Ct values of greater than 35. The ∆RQ value of the TW72-1 sample assayed with the FAM-probe was slightly higher than with the VIC-probe (Fig. 7A ). In the P. meibomiae-specific TaqMan assay (Fig. 7B) , the BZ82-1 sample had Ct values of 20.36 (FAM-probe) and 20.60 (VIC-probe), whereas the TW72-1 sample had Ct values of greater than 35. Once again, the use of the FAM-or VIC-probes did not affect Ct values, but the ∆RQ values were slightly higher with the FAM-probe (Fig. 7B) . Finally, in the TaqMan assay with the Ppm1/Ppm2 primer set and the VIC-probe, the TW72-1 and Fig. 8 . Sensitivity of the Phakopsora pachyrhizi-and P. meibomiae-specific real-time polymerase chain reaction (PCR) assays. Specific amplification of DNA dilutions from P. pachyrhizi isolate TW72-1 and P. meibomiae isolate PR after 35 cycles of amplification using a TaqMan sequence detection system (ABI Prism 7700). A, P. pachyrhizi-specific flanking primers Ppm1/Ppa2 with a 5′-FAM-labeled internal probe sequence, B, P. meibomiae-specific flanking primers Ppm1/Pme2 with a 5′-FAM-labeled internal probe sequence, C, P. pachyrhizi-specific flanking primers Ppm1/Ppa2 with a 5′-VIC-labeled internal probe sequence, D, P. meibomiae-specific flanking primers Ppm1/Pme2 with a 5′-VIC-labeled internal probe sequence, and E, the primers Ppm1/Ppm2, which amplify a PCR product from both P. pachyrhizi and P. meibomiae with a 5′-VIC-labeled internal probe sequence. The left axis (∆RQ) is the change in fluorescence that is a measure of probe cleavage efficiency, and the bottom axis is the PCR cycling stage. The ∆RQ values are the means of two independent assays with duplicate DNA samples for each isolate. Error bars represent standard errors of the means. Fig. 7 . Real-time polymerase chain reaction (PCR) amplification of DNA from Phakopsora pachyrhizi isolate TW72-1 and P. meibomiae isolate BZ82-1 by TaqMan PCR using a sequence detection system (ABI Prism 7700). A, P. pachyrhizi-specific flanking primers Ppm1/Ppa2, B, P. meibomiae-specific flanking primers Ppm1/Pme2, or C, the primers Ppm1/Ppm2, which amplify a PCR product from both P. pachyrhizi and P. meibomiae were used with either a 5′-FAMor 5′-VIC-labeled internal probe sequence. The left axis (∆RQ) is the change in fluorescence that is a measure of probe cleavage efficiency, and the bottom axis is the PCR cycling stage. Two independent assays were analyzed with duplicate DNA samples for each isolate.
BZ82-1 samples had Ct values of 20.32 and 21.69, respectively, and the ∆RQ values of the TW72-1 sample was slightly higher than the BZ82-1 sample (Fig. 7C) .
To determine the sensitivity limits of the real-time PCR assays, serial dilutions of purified total DNA of P. pachyrhizi isolate TW72-1 and P. meibomiae isolate PR were tested as DNA templates in each of the assays (Fig. 8 ). In the P. pachyrhizi-specific assay, 1 pg of total template DNA from TW72-1 produced detectable levels of fluorescence with either the FAM-probe or the VIC-probe (Fig. 8A and C) . Likewise, fluorescence was detected at 1 pg of total DNA from isolate PR in the P. meibomiae assay with either probe (Fig. 8B and D) . The sensitivity limits were reduced 10-fold (10 pg) for detection of TW72-1 and PR in the TaqMan assay with the primer set Ppm1/Ppm2 and the VIC-probe (Fig. 8E) .
In order to assess the accuracy of the real-time PCR assays, crude DNA extractions from 11 P. pachyrhizi and 2 P. meibomiae isolates were tested as templates in the assays. For the P. pachyrhizi assay, all 11 P. pachyrhizi isolates had ∆RQ values of greater than 2.320, whereas ∆RQ values of the P. meibomiae isolates did not exceed 0.735 with either the FAM-probe or VIC-probe (Table   3 ) (Table 4) . Conversely, in the P. meibomiae assay, the P. meibomiae isolates had ∆RQ values greater than 2.455, whereas the ∆RQ values of the P. pachyrhizi isolates did not exceed 0.810 (Table 3) . Furthermore, the P. meibomiae isolates had Ct values of less than 22.61, whereas the Ct values of the P. pachyrhizi isolates were greater than 35 (Table 4) . Finally, in the TaqMan assay with the Ppm1/Ppm2 primers, the ∆RQ values exceeded 2.010 for all of the P. pachyrhizi and P. meibomiae isolates compared with 0.400 for the no template control (Table 3) . None of the X. axonopodis pv. glycines isolates had detectable ∆RQ or Ct values in any of the real-time PCR assays (Tables 3 and 4) .
Detection of Phakopsora spp. from infected plant tissue. The classical and real-time PCR assays were evaluated by infected soybean leaf tissue. In the P. pachyrhizi-specific classical PCR assay, soybean plants infected with P. pachyrhizi isolate TW72-1 produced a visible PCR product on an agarose gel and Southern blot, whereas the plants infected with P. meibomiae isolate BZ82-1 did not (Fig. 9A) . Conversely, soybean plants infected with P. meibomiae isolate BZ82-1 yielded a DNA band on an agarose gel 0.030 ± 0.000 0.007 ± 0.007 0.013 ± 0.013 0.000 ± 0.000 0.013 ± 0.013 XP22 0.457 ± 0.052 0.263 ± 0.034 0.000 ± 0.000 0.000 ± 0.000 0.023 ± 0.012 XP175 0.017 ± 0.012 0.000 ± 0.000 0.007 ± 0.007 0.000 ± 0.000 0.017 ± 0.012 XP202 0.033 ± 0.017 0.017 ± 0.012 0.010 ± 0.010 0.000 ± 0.000 0.017 ± 0.017 NTC b 0.220 ± 0.220 0.360 ± 0.010 0.000 ± 0.000 0.000 ± 0.000 0.400 ± 0.390 a Data are the means of two replicates ± standard error. b NTC = no DNA template control.
and Southern blot using the P. meibomiae-specific PCR assay, but no band was detected from the plants infected with P. pachyrhizi isolate TW72-1 (Fig. 9B) . The PCR assay with the primer set Ppm1/Ppm2 revealed a PCR product from soybean plants infected with either P. pachyrhizi isolate TW72-1 or P. meibomiae isolate BZ82-1 (Fig. 9C ).
In the P. pachyrhizi real-time PCR assay, the DNA sample extracted from soybean infected with P. pachyrhizi isolate TW72-1 had ∆RQ values of 3.095 and 2.810 with the FAM-and VICprobes, respectively ( Fig. 10A and C) . The DNA sample from soybean infected with P. meibomiae isolate BZ82-1 had ∆RQ values of 0.290 with the FAM-probe and 0.050 with the VICprobe (Fig. 10A and C) . The Ct values of the plants infected with TW72-1 were 18.57 ± 0.14 (FAM-probe) and 20.73 ± 0.21 (VICprobe), whereas the Ct values of the plants infected with BZ82-1 and the noninoculated control plants were greater than 35 for both the FAM-and VIC-probes. On the other hand, the DNA sample extracted from soybean infected with P. meibomiae isolate BZ82-1 had ∆RQ values of 2.970 with the FAM-probe and 3.085 with the VIC-probe using the P. meibomiae real-time PCR assay (Fig.  10B and D) . The DNA sample from soybean infected with P. pachyrhizi isolate TW72-1 had ∆RQ values of 0.320 and 0.245 with the FAM-and VIC-probes, respectively ( Fig. 10B and D) .
The Ct values of the plants infected with isolate BZ82-1 were 19.05 ± 0.04 (FAM-probe) and 20.89 ± 0.10 (VIC-probe), whereas the Ct values of the plants infected with TW72-1 and the noninoculated control plants were greater than 35 for both the FAM-and VIC-probes. In the real-time PCR assays with the primer set Ppm1/Ppm2, the DNA samples extracted from soybean infected with either P. pachyrhizi isolate TW72-1 or P. meibomiae isolate BZ82-1 had ∆RQ values of 4.450 and 4.225 with the VICprobe, respectively (Fig. 10E) . The Ct values of the plants infected with isolates TW72-1 and BZ82-1 were 22.07 ± 0.18 and 22.14 ± 0.28, respectively, whereas the Ct value of noninoculated control plants was greater than 35.
DISCUSSION
Accurate and timely diagnoses of plant diseases are extremely important so that appropriate control measures and eradication procedures can be implemented quickly. Disease symptoms often aid with making decisions, but a definitive diagnosis requires unambiguous pathogen identification. A major mission of this laboratory is to examine new technologies and develop novel methods for the detection and identification of exotic plant pathogens that are deemed significant threats to U.S. agriculture.
Soybean rust has been identified as a potentially devastating disease if the pathogen were to gain entry and become established in the United States. Soybean rust is caused by two morphologically similar species of Phakopsora: P. pachyrhizi and P. meibomiae (18) . Although both pathogens damage plants, P. pachyrhizi is more aggressive and causes considerably greater yield loss (23) . Previously, isozyme analysis was successful in discriminating between these two Phakopsora spp. (8) . However, this method is slow and is not useful for detecting and identifying the pathogens in infected plant material.
Classical PCR methods have been described for the identification and detection of numerous plant pathogens (16) . Moreover, several real-time fluorescent PCR assays have been developed recently for bacterial (21) , viral (19, 22) , and fungal plant pathogens (6, 14, 27) . Real-time PCR has several advantages compared with classical PCR. First, it combines the sensitivity of PCR with the specificity of nucleic acid hybridization. Second, there is no need for agarose gels and the subsequent Southern blot hybridization steps that are necessary to confirm the identity of PCR products. Third, up to four different fluorescent dyes can be incorporated in a single reaction that allows for multiplexed reactions using different probes for either the same or different pathogens. Finally, many samples can be assayed simultaneously (up to 96 with the ABI Prism 7700 Sequence Detection System), and the assays can be completed within 2 to 3 h. Recently, a portable analytical thermal cycling instrument, the Smart Cycler (Cepheid, Inc., Sunnyvale, CA), was introduced for conducting real-time PCR directly in the field (4, 5) . This would negate the requirement for sending Fig. 9 . Detection of Phakopsora pachyrhizi and P. meibomiae from infected leaves using classical polymerase chain reaction (PCR). A, Agarose gels and Southern blots of P. pachyrhizi-specific assay using the primer sets Ppm1/Ppa2, B, P. meibomiae-specific assay with the primer set Ppm1/Pme2, and C, the nonspecific primers Ppm1/Ppm2. Lane 1 = molecular weight markers (100 bp), 2 = soybean infected with P. pachyrhizi isolate TW72-1, 3 = soybean infected with P. meibomiae isolate BZ82-1, and 4 = healthy soybean. PCR products are indicated by arrows.
samples to the laboratory for analysis, which would result in significantly more rapid diagnoses.
The PCR assays described here provide a new method for the identification and discrimination of the soybean rust pathogens P. pachyrhizi and P. meibomiae, especially when diagnosticians are presented only with infected plant material. The ability of the PCR assays to differentiate between P. pachyrhizi and P. meibomiae is attributable to the nucleotide sequence divergence that occurs within the ITS region of these two species. The PCR primers we designed capitalize on these differences. To further expedite the classical PCR assays, fluorescent probes were developed for use with the P. pachyrhizi-and P. meibomiae-specific primers in realtime PCR assays. The real-time fluorescent PCR assays are robust, rapid, and allow for high sample throughput (up to 96 samples at one time). Using crude preparations of germinating urediniospores, the P. pachyrhizi-specific primers Ppm1/Ppa2 correctly identified 11 of 11 P. pachyrhizi isolates, whereas the P. meibomiae-specific primer pair combination Ppm1/Pme2 detected both of the P. meibomiae isolates. From infected soybean leaves, an accurate diagnosis can be made in less than 5 h with the real-time PCR assays. Purified DNA was extracted in less than 2 h with a commercial DNA extraction kit, and the real-time PCR assays were set up and performed by a sequence detection system in less than 2.5 h. No isolation or purification of suspect organisms from infected tissue is necessary, nor is specialized mycological training required in order to perform the real-time PCR assays. Fig. 10 . Detection of Phakopsora pachyrhizi and P. meibomiae from infected leaves using real-time polymerase chain reaction (PCR). PCR assays were conducted for 35 cycles with a TaqMan sequence detection system (ABI Prism 7700) with A, P. pachyrhizi-specific flanking primers Ppm1/Ppa2 with a 5′-FAMlabeled internal probe sequence, B, P. meibomiae-specific flanking primers Ppm1/Pme2 with a 5′-FAM-labeled internal probe sequence, C, P. pachyrhizi-specific flanking primers Ppm1/Ppa2 with a 5′-VIC-labeled internal probe sequence, D, P. meibomiae-specific flanking primers Ppm1/Pme2 with a 5′-VIC-labeled internal probe sequence, or E, the primers Ppm1/Ppm2, which amplify a PCR product from both P. pachyrhizi and P. meibomiae with a 5′-VIC-labeled internal probe sequence. The left axis (∆RQ) is the change in fluorescence that is a measure of probe cleavage efficiency, and the bottom axis is the PCR cycling stage.
The ∆RQ values are the means of two independent experiments with duplicate DNA samples. Error bars represent standard errors of the means. +TW72-1 = soybean infected with P. pachyrhizi isolate TW72-1, +BZ82-1 = soybean infected with P. meibomiae isolate BZ82-1, healthy soybean = noninoculated soybean, and NTC = no DNA template control.
Both the FAM-and VIC-labeled probes yielded similar levels of fluorescence when used in either of the Phakopsora sp.-specific real-time PCR assays. The VIC-labeled probe and the Ppm1/Ppm2 primers were designed to sequences within in the 5.8S rDNA so they could be used to detect the presence of either Phakopsora spp. from any source material. The detection limits of the two Phakopsora spp.-specific assays are similar. The 82-bp PCR product amplified using primers Ppm1 and Ppm2 is highly conserved among a number of different genera of fungi including species of Armillaria, Cronartium, Melampsora, Peridermium, Puccinia, Rhizoctonia, and Uromyces. Because the sequence of the VICprobe and the Ppm2 primer is virtually identical among these species, slight modification to the Ppm1 primer sequence would extend the application of this real-time PCR assay to these other fungi. For example, the last four nucleotides could be removed at the 3′ end of Ppm1 to create a primer that would match exactly with sequences in these fungi.
Soybean rust is a devastating disease in several soybean-growing regions of Asia, Australia, and Africa, and it is a potential threat to other countries where soybeans are grown. The PCR assays we developed can be used to detect P. pachyrhizi from infected plant tissue, with or without urediniospores, and facilitate surveying soybean fields and other plant species that may serve as alternative hosts for either of the Phakopsora spp. Early detection, coupled with proper application of fungicides, would slow the spread of the pathogen and reduce yield losses.
